Introduction
Adults aged 60 years or older are at increased risk of vitamin D deficiency as a result of inadequate dietary vitamin D intake and limited sun exposure [1, 2] . Aging is also associated with a decreased 7-dehydrocholesterol concentration in the epidermis and total production of pre-vitamin D3 after sunlight exposure [3] . The vitamin D endocrine system plays a primary role in calcium homeostasis, bone mineralization, and bone quality, and the vitamin D receptor is distributed throughout different tissues of the body. Observational studies among older adults have reported significant associations between lower serum hydroxyvitamin D (25(OH)D) levels and worse physical performance measures, disability, the metabolic syndrome, diabetes mellitus, and depression [4] [5] [6] .
Although a recent analysis of the National Health and Nutrition Examination Survey (NHANES) showed no time trend in standardized 25(OH)D serum concentrations in the U.S. from 1988 to 2006, mean measured 25(OH)D concentrations were 5 to 6 nmol/L higher during 2007 to 2010. Further, the largest increases in 25(OH)D concentrations were seen among older adults, women, non-Hispanic white participants, and vitamin D supplement users [7] . A subsequent study of U.S. national levels of serum 25(OH)D during 2007 to 2010 described a crude prevalence of 25(OH)D deficiency and insufficiency of 5.7% and 22.0% among older adults, respectively [8] . Despite these facts, there are scarce data about the demographic and health determinants of vitamin D inadequacy among U.S. older adults since the 2011 Institute of Medicine (IOM) report on dietary reference intake values for vitamin D and the addition of vitamin D to the list of nutrients in the NHANES from 2007/2008 onwards [9, 10] . In this context, the present study aimed to describe the nationwide prevalence and determinants of 25(OH)D inadequacy, and the effect of vitamin D supplements on 25(OH)D2 and 25(OH)D3 concentrations among older adults.
Materials And Methods
The NHANES is a biannual cross-sectional study conducted by the National Center for Health Statistics of the Centers for Disease Control and Prevention (CDC). The purpose of the NHANES is to collect data about the health, nutritional status, and health behaviors of the noninstitutionalized civilian resident population of the U.S. The NHANES data were obtained using a complex, multistage probability sampling design to select a sample representative of the U.S. civilian household population [11] . For this analysis, 7,859 participants aged 60 years and older were selected for the NHANES period 2007 to 2014. Those participants who had missing data on BMI (n = 514), dietary vitamin D intake (n = 945), and 25(OH)D concentrations (n = 990) were excluded, leaving a total sample size of 6,261 participants. Overall, participants with missing data were more likely to be women, had less than high school education, had a sedentary lifestyle, and reported to have fair to poor health.
Characteristics of participants
The demographics file provides individual, family, and household-level information on the following topics: the six-month period when the examination was performed (November 1 through April 30 and May 1 through October 31), age, gender, race/ethnicity (Mexican American and other Hispanic were grouped as Hispanic, non-Hispanic white, non-Hispanic black, and other race), education (< high school, high school/GED equivalent, some college or Associate of Arts degree, college graduate or above). The ratio of family income to the poverty threshold as a measure of socioeconomic status was calculated, and families with a ratio < 1.00 were considered below the poverty level. In the mobile examination center, BMI was calculated as body weight (kg) divided by height (m 2 ) and subjects were classified as underweight or normal weight (<25.0 kg/m 2 ), overweight (25.0 to 29.9 kg/m 2 ), or obese (≥30 kg/m 2 ). Participants also reported their smoking status and were classified as current, former, and never smokers. Those who answered affirmatively to the question "In any one year, have you had at least 12 drinks of any type of alcoholic beverage?" were considered to consume alcohol. Self-reported general health condition was grouped as good to excellent or fair to poor.
The Physical Activity Questionnaire was used to assess participants' recreational physical activity status. Subjects were considered to perform recreational vigorous physical activity if they responded affirmatively to the question "Do you do any sports, fitness, or recreational activities that cause large increases in breathing or heart rate like running or basketball for at least 10 minutes continuously?" Likewise, subjects were considered to engage in moderate recreational activities if they affirmatively responded to the question "Do you do any moderateintensity sports, fitness, or recreational activities that cause a small increase in breathing or heart rate such as brisk walking, bicycling, swimming, or golf for at least 10 minutes continuously?" The reported number of days and time in minutes spent performing vigorous or moderate recreational physical activity in the previous week were calculated. Based on the 2008 Physical Activity Guidelines for Americans, three levels of physical activity were created: 1) participants who engaged in ≥ 150 minutes/week of moderate activity, ≥ 75 minutes/week of vigorous activity, or ≥ 150 minutes/week of an equivalent combination were defined as physically active; 2) those who reported some physical activity, but not enough to meet the active definition (> 0 to < 150 minutes/week), were considered insufficiently active; and inactive if they reported no physical activity [3, 12] . Participants were defined as having diabetes if they self-reported a physician's diagnosis of diabetes or had a glycosylated hemoglobin ≥ 6.5% [13] . Moreover, participants were asked, "Has a doctor or other health professional ever told you that you had arthritis, congestive heart failure, coronary heart disease, stroke, chronic bronchitis, or cancer?" Based on the subjects' responses, a comorbidity score was created (0, 1, 2, ≥ 3).
Dietary vitamin D intake
The NHANES dietary intake data were used to estimate the types and amounts of foods and beverages consumed during the 24 hours prior to the interview, and to estimate intakes of nutrients from those foods and beverages. Vitamin D was added to the list of nutrients in 2007/2008, and the vitamin D values in this dataset reflect the sum of ergocalciferol and cholecalciferol content of foods reported by survey participants. The 24-hour dietary supplement interview was also collected following the 24-hour dietary recall. All NHANES examinees responding to the dietary recall interview were eligible for the dietary supplement and antacid use questions. We collected information on all vitamins, minerals, herbals, and other dietary supplements consumed during a 24-hour period, including the name and the amount of dietary supplement taken. These data were collected using similar methods during the same period; therefore, nutrients from all sources were easily combined to improve estimations of total nutrient intake and examine associations by nutrient source (e.g., from foods vs. supplements). For the present analysis, vitamin D intake from the dietary and supplementation component was combined to estimate the total daily dietary vitamin D intake. In the NHANES, vitamin D intake from food or supplements was reported in mcg/day and converted (1 mcg = 40 IU) into three IU/day categories (< 400 IU, 400 to 800 IU, and > 800 IU/day).
25(OH)D concentrations
The CDC standardized liquid chromatography-tandem mass spectrometry (LC-MS/MS) method was used for measurement of 25 [14] . However, according to the CDC, "due to rounding, the sum of 25(OH)D3 and 25(OH)D2 will not necessarily be equal to the total 25(OH)D." The CDC recommends using the total 25(OH)D in SI units (nmol/L) measured directly by LC-MS/MS and converting this quantity to conventional units (1 nmol/L = 0.4066 ng/mL) if needed. This method has better analytical specificity and sensitivity compared to immunoassay methods, and fixed analytical goals for imprecision (≤10%) and bias (≤5%) [14] .
Statistical analysis
The descriptive characteristics of the study population were reported as percentages and mean values with their respective standard errors (SE). The t-test and ANOVA for continuous variables were used to compare mean 25(OH)D concentrations across characteristics of participants. Similarly, the prevalence of 25(OH)D deficiency and inadequacy was reported according to the IOM 25(OH)D cutoff points relative to bone health (< 30 nmol/L and < 50 nmol/L, respectively) [9] . The chi-squared test was used to compare differences in the prevalence of 25(OH)D deficiency and inadequacy according to demographic, behavioral, and health characteristics. Subsequently, multiple logistic regression models were assembled to estimate the independent associations between six-month study period, sociodemographic characteristics (age, gender, race/ethnicity, BMI, education, and poverty level), lifestyle (smoking status, alcohol consumption, physical activity), health status (self-reported health, diabetes, and self-reported number of comorbidities), daily vitamin D intake (< 400 IU, 400 to 800 IU, and > 800 IU), and the odds of having 25(OH) inadequacy (< 50 nmol/L) while simultaneously adjusting for all variables in the study. Similarly, in a subgroup analysis, adjusted general linear models were created to examine the effect of vitamin D supplements use according to selected characteristics of participants on 25(OH)D and its metabolites concentrations. Statistical analyses were performed using SPSS Complex Sample software, Version 17.0 (SPSS Inc., Chicago, Illinois, USA) to incorporate constructed weights for the combined survey cycles and obtain unbiased, national estimates representative of the U.S. population.
Results
A total of 6,261 participants with a mean age of 69.5 years (SE, 0.1) comprised the study sample, representing an estimated 56 million U.S. older adults during the 2007 to 2014 period. Overall, the mean daily vitamin D intake was 22.6 mcg (SE, 1.0), corresponding to 4.7 mcg (SE, 0.08) from food and 17.9 mcg (SE, 1.0) from supplements. Of note, 49.3% (SE, 0.9) of older adults were not taking vitamin D supplements. As shown in Table 1 , lower mean 25(OH)D concentrations were seen among participants examined November 1 through April 30, men, Hispanics and non-Hispanic blacks, subjects with incomes below poverty level, smokers, those physically inactive, and older adults with fair to poor health. Likewise, participants with a total vitamin D intake or vitamin D supplements use < 400 IU/day had lower 25(OH)D concentrations than those who did not. The overall prevalence of 25(OH)D deficiency and inadequacy was 4.0% (SE, 0.4) and 17.4% (SE, 0.8), representing an estimated 2.2 and 9.7 million U.S. older adults during the study period, respectively. As shown in Table 2 , the prevalence of 25(OH)D deficiency and inadequacy was increased among participants examined during the fall and winter months and in women, nonHispanic blacks, obese subjects, smokers, those with a sedentary lifestyle, and subjects who reported taking a total vitamin D intake < 400 IU/day. As shown in Figure 1, 
n % (SE) 25(OH)D levels (SE)

25(OH
FIGURE 1: Trends in the prevalence of 25(OH)D deficiency and inadequacy among U.S. older adults
As shown in Table 3 , participants examined during the fall and winter months and obese subjects had about 50% higher prevalence of 25(OH)D inadequacy than those who did not. As expected, non-Hispanic blacks and Hispanics were 3.7-times and 1.4-times more likely to have 25(OH)D inadequacy compared with their non-Hispanic white counterparts, respectively. Moreover, participants with a sedentary lifestyle and status as a smoker had about two-fold higher odds of having 25(OH)D inadequacy compared with those physically active and of nonsmoking status, respectively. Notably, older adults with a total vitamin D intake < 400 IU/day were 6.5 times more likely to have 25(OH)D inadequacy than those with intakes between 400 IU and 800 IU/day.
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Six-month time period As shown in Table 4 , vitamin D supplementation use by selected participants' characteristics was consistently correlated with increasing 25(OH)D3 concentrations. Indeed, after adjustment for possible confounders, subjects examined during the fall and winter months, obese participants, those physically inactive, and non-Hispanic blacks who were taking vitamin D supplements > 800 IU/day had on average 25(OH)D3 concentrations defined as sufficient (≥ 50 nmol/L). Notably, Hispanics and non-Hispanic blacks who reported taking vitamin D supplements > 800 IU/day had combined 25(OH)D2 and 25(OH)D3 concentrations of 91.6 nmol/L. 
Discussion
In this nationally representative sample, the prevalence of 25(OH)D deficiency and inadequacy was 4.0% and 17.4%, representing an estimated 2.2 and 9.7 million U.S. older adults during the study period, respectively. In general, participants examined during the fall and winter months, Hispanics, non-Hispanic blacks, smokers, those below poverty level, and particularly older adults with vitamin D intake < 400 IU/day had a higher prevalence of deficiency and inadequacy than those who did not. These findings are consistent with results from previous U.S. studies reporting similar determinants of vitamin D status [8, 15] . Of relevance, the prevalence of 25(OH)D deficiency and inadequacy significantly decreased across the four continuous twoyear survey cycles. 1% among subjects of diverse ancestry living in Toronto, Canada, 37.3% among participants in the Mexican Health and Aging Study, 21.6% among participants in an Ecuadorian survey, and 45% among participants of a Dutch study [17] [18] [19] [20] . Moreover, the prevalence of 25(OH)D inadequacy found in the present study was similar to that reported among U.S. white participants aged 70 to 81 years [14] . [27] . Alternatively, smoking may be a surrogate marker for adverse diet and lifestyle factors that diminish 25(OH)D, such as lower vitamin D intake [28] . In general, the number of self-reported comorbidities or diabetes was not associated with inadequate 25(OH)D levels. Although previous observational studies have demonstrated a consistent association of low serum 25(OH)D levels with prediabetes and diabetes, a causal relationship between 25(OH)D levels and the pathogenesis of type 2 diabetes mellitus has not been established [29] .
The present study has several limitations. First, because the NHANES cross-sectional design, the temporal relationship of the study findings may not be established. Second, participants self-reported their demographics, lifestyle, and health characteristics, which may have been a source of recall bias. Third, sunlight exposure and sunscreen use were not reported among older adults in the NHANES. Fourth, the effect of latitude on 25(OH)D concentrations was unknown. However, serum 25(OH)D samples in the NHANES are collected from May through October in the northern U.S. and November through April in the southern U.S. [30] . Despite these limitations, the present study describes the prevalence and determinants of 25(OH)D inadequacy in a large nationally representative sample of older adults.
Conclusions
Among older adults in the U.S., 25(OH)D inadequacy remains prevalent. Notably, optimal 25(OH)D3 concentrations were consistently seen among vitamin D supplement users. Despite this finding, about half of the study participants did not take vitamin D supplements. Thus, vitamin D supplementation should be considered as an effective strategy to maintain adequate 25(OH)D status among older adults.
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